Although downregulation of caveolin-1 (Cav-1), which is a key constituent of membrane caveolae and a regulator of cellular processes, is associated with colorectal cancer (CRC), its involvement in the disease progression is largely unknown. This study aimed to explore the role of Cav-1 in CRC and the associated mechanisms.
Background
Colorectal cancer (CRC) accounts for most cancer-related deaths, with a predicted prevalence of nearly 1.4 million new diagnosed cases a year [1] . In China, the mortality and morbidity of CRC cases have shown a rapid annual increase over the past 20 years [2, 3] . The initiation and progression of CRC have been associated with complicated multi-stage processes, including gene mutations and epigenetic modifications [4, 5] . Despite the vast progress in CRC therapeutic approaches, the disease recurrence and survival rates remain alarming. Therefore, the identification of biomarkers for disease relapse and progression are essential for the detection and management of CRC.
Caveolin-1 (Cav-1) is a key constituent of caveolae at the cell membrane [6] . With multiple binding partners, this multifunctional scaffolding protein has been implicated in diverse cancerassociated processes, such as cellular transformation, tumor growth, metastasis, and multidrug resistance [7, 8] . Previous studies showed that Cav-1 is involved in various signaling pathways including estrogen receptor, epidermal growth factor receptor (EGFR), Her2/neu, tumor growth factor-b (TGFb), and mTOR [9] , and serves as an oncogene in lung, breast, and ovarian cancers [10] [11] [12] . In contrast, Cav-1 plays the role of a tumor suppressor in prostate and bladder cancers [13, 14] . Bender et al. [15] confirmed that Cav-1 was downregulated in patients with colon cancer, while other studies revealed that Cav-1 was overexpressed in patients with colon adenocarcinoma [16, 17] . Thus, the regulation of Cav-1 in CRC remains controversial.
It has been reported that approximately 25~77% of CRC cases are associated with overexpression of EGFR, which correlates closely with CRC progression, metastatic spread, and poorer prognosis [18, 19] . It is worth noting that dimerization of ligand-activated EGFR has been associated with the channeling of mitogenic signals, predominantly via the Ras-extracellular signal-regulated kinase (ERK), phosphatidylinositide 3-kinases (PI3K)-Protein kinase B (AKT), and c-Jun NH2-terminal kinase pathways [20] .
The present study aimed to elucidate the effect of Cav-1 on the EGFR pathway in CRC cells. We found that overexpression of Cav-1 suppresses CRC proliferation and metastasis in vitro. Furthermore, the present findings provide definitive evidence that Cav-1 exerts its suppressive role in CRC through the regulation of EGFR function.
Material and Methods

Human tissue specimens
Seventy-six fresh primary CRC tissues and neighboring healthy tissues from patients who underwent surgery between January 2013 and December 2014 at Bethune International Peace Hospital were analyzed. The diagnoses of all patients were confirmed by postoperative pathological examinations. None of the patients received chemoradiotherapy before the operation. All samples were frozen in liquid nitrogen and stored at −80°C for further analysis. This study was approved by the Institutional Review Board of Hebei Medical University. All patients provided signed informed consents for their participations.
Cell culture and transfection
The human CRC SW480 cell line (spontaneous loss of cav-1 expression) cells were incubated in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Hyclone, South Logan, UT, USA), 100 IU/mL penicillin, and 100 IU/mL streptomycin (both from Shenzhen Huayao Nanfang Pharmaceutical Co., Ltd, Guangdong China) at 37°C and 5% CO 2 .
The Cav-1 vector (pcDNA3.1/Cav-1) was constructed by subcloning the coding sequence of wild-type Cav-1 into pc-DNA3.1. The empty vector pc-DNA3.1 was used in the control group. The cells were transfected using X-treme GENE DNA transfection reagent (Roche, Nutley, NJ, USA) with OPTI-MEM (Gibco) according to the manufacturer's instructions.
Cell proliferation assay
MTS assay was used to determine the role of Cav-1 in cell growth and viability in vitro. SW480/Cav-1 and SW480/pcDNA3.1 cells were seeded at a density of 6×10 3 cells per well in a 96-well plate. After overnight incubation in complete medium, cells were serum-starved for 4 h and then were left untreated or treated with various concentrations of EGF (4, 20, and 100 nM). After 48 h of incubation, cell viability was determined using the MTS tetrazolium substrate (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA) following the manufacturer's instructions. The optical density (OD) was determined at 490 nm using a spectrophotometer. All experiments were performed in triplicate. In each MTS assay, cells were kept under the same culture conditions, plated at the same cell density, and treated with EGF for the same periods of time. The width of the scratch was assessed under an inverted microscope (10×) and photographed at the same field every 2 h until closure of the scratch. Mobility was assessed using the following equation: (width of initial scratch-width of current scratch)/2/width of initial scratch×100%.
Transwell assay
The invasion ability of the SW480 cells was assessed using the Transwell assay by means of Matrigel-coated Transwell chambers (Corning, Albany, NY, USA). After starvation in serum-free RPMI 1640 medium for 4 h, the SW480/Cav-1 and SW480/pcD-NA3.1 cells ( 2×10 5 ) were placed on Matrigel (BD Biosciences, San Jose, CA, USA)-coated Transwell chambers (Corning, Albany, NY, USA) in which serum-free RPMI 1640 medium was added to the upper compartment of the Transwell chamber, and RPMI 1640 medium containing 10% FBS was added to the lower compartment. After a 24-h incubation period in a humidified atmosphere of 5% CO 2 at 37°C, noninvasive cells were removed from the upper surface with a cotton swab, and invasive cells on the lower membrane surface were fixed with methanol, stained with H&E, photographed, and counted under a microscope at 200× magnification in 5 fields. These experiments were performed in triplicate.
Western blot
After being serum-starved for 4 h, stably transfected SW480 cells were stimulated with 20 nM EGF for 0, 5, 10, and 30 min. Total cell protein extracts were obtained in RIPA lysis buffer. After the protein was quantified using the BCA method (Pierce Biotechnology, Rockford, IL, USA), equal amounts of proteins were separated on 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA). The membranes were blocked in 5% nonfat milk or 3% bovine serum albumin, incubated with various primary antibodies, followed by incubation with HRP-conjugated secondary antibodies and visualization with enhanced chemiluminescence (ECL) detection reagents (Beyotime, Haimen, Jiangsu, China). Signals were quantitated by densitometry using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Immunoblotting was performed using the following primary antibodies: anti-phosphotyrosine (clone 4G10) (1: 2000; Millipore, Temecula, CA, USA); anti-EGFR (1: 1000), anti-phospho-AKT (1: 1000) anti-AKT (1: 1000), antiphospho-ERK1/2 (1: 3000) (Cell Signaling Technology, Danvers, MA, USA); anti-ERK1/2 (1: 4000), anti-Cav-1 (1: 4000) and anti-bactin (1: 5000) (Santa Cruz Biotechnology Inc, Dallas, Texas, USA).
Immunohistochemical tissue staining
Immunostaining was performed on 5-μm formalin-fixed, paraffin-embedded tissue sections using an immunoperoxidase method with rabbit anti-Cav-1 (1: 400; Santa Cruz, Dallas, Texas, USA); rabbit anti-EGFR (1: 100; Santa Cruz, Dallas, Texas, USA), and rabbit anti-Ki-67 (1: 100; Sunbiote, Shanghai, China) monoclonal antibodies. Protein was visualized using the PV and DAB chromogenic kits (Beijing Zhongshan Golden Bridge Biotechnology) following the manufacturer's instructions.
Two pathologists blinded to the experiments assessed the extent and intensity of immunostaining. The protein expression levels of Cav-1 and EGFR were observed under high-power magnification (×400); 5 different fields of view were randomly selected in each section, and 200 cells were counted. The degree of staining was scored between 0 and 3 points: 0 point=no staining, 1 point=weak staining, 2 points=moderate staining, and 3 points=strong staining. Cells scoring >2 points were defined as positive cells; <50% of positive cells within a field was defined as a negative expression, and ³50% of positive cells was defined as a positive expression. We chose EGFR-positive expression tissues for the subsequent study. A total of 76 cases of colorectal cancer tissues were further tested for the expressions of Cav-1 and Ki-67.
Statistical analysis
All statistical evaluations were achieved using SPSS for Windows (version 19.0; SPSS Inc., Chicago, IL, USA). The results were analyzed using Student's t-test and chi-square test. Data were expressed as mean ± standard error of the mean (SEM), and statistical significance was indicated by p<0.05.
Results
Cav-1 inhibits the proliferation of human CRCSW480 cells in vitro
We used the pcDNA3.1/Cav-1 vector to induce Cav-1 overexpression in human CRC SW480 cells line and evaluate cell proliferation, migration, and invasion. Our results indicated a significant upregulation of Cav-1 in SW480/Cav-1 cells (p<0.01) compared with control SW480/pcDNA3.1 cells (Figure 1 ).
We subsequently evaluate the proliferative rate of the Cav-1 overexpressing SW480 cells following EGF stimulation at different concentrations (Figure 2 ). Based on the results of the MTS assay, both SW480/Cav-1 and control cells exhibited increased proliferative rate (both p<0.01), which was endorsed by increasing EGF concentrations. However, the proliferative rate was lower in SW480/Cav-1 cells treated with EGF at all concentrations than in control cells (all p<0.01).
Cav-1 inhibits the migration and invasion potential of SW480 cells in vitro
Cell migration and invasion were assessed in Cav-1-overexpressing cells by using the scratch and Transwell assays, respectively. Although cell stimulation with EGF increased the migration rates in both SW480/Cav-1 and SW480/pcD-NA3.1 cells (Figure 3 ), the effect was less apparent in SW480/ Cav-1 cells (p<0.05). Moreover, the migration rate in untreated SW480/Cav-1 cells was lower than in untreated control cells (p<0.05).
Tumor cell invasion to tissues adjacent to the cancer site is elemental in cancer metastasis. Based on the results of the Transwell assay (Figure 4) , the rate of cell invasion in SW480/ Cav-1 cells was significantly lower than in controls (p<0.05).
Effect of Cav-1 on ligand-induced EGFR phosphorylation
Several intracellular substrates are recruited upon EGFR activation, thus stimulating cell proliferation, survival, invasion, adhesion, migration, and repair [24] . Based on this, we assumed that EGFR phosphorylation and the consequent activation of downstream proteins in the Raf-MEK-ERK and PI3K-AKT cascades lead to the Cav-1-associated inhibition of human CRC cell motility and growth.
To confirm this assumption, we used Western blotting to detect the phosphorylated form of EGFR (pY-EGFR), ERK1/2 (p-ERK1/2), and AKT (p-AKT). The results indicated increased pY-EGFR, p-ERK1/2, and p-AKT levels following EGF stimulation in both SW480/Cav-1 and SW480/pcDNA3.1 cells. The expression levels peaked at 5 min and 10 min in SW480/Cav-1 and SW480/pcDNA3.1 cells, respectively, and waned thereafter ( Figure 5A ). However, although the amount of EGFR was comparable between the 2 cell groups, the response of SW480/Cav1cells to EGF stimulation was weaker than that of control cells ( Figure 5A ), resulting in a lower pY-EGFR-to-total EGFR ratio in SW480/Cav-1 cells ( Figure 5B) . Similarly, we observed lower levels of p-ERK1/2 and p-AKT in SW480/Cav-1 cells than in SW480/pcDNA3.1 cells upon EGF stimulation ( Figure 5C, 5D ). These results indicated that Cav-1 inhibits EGFR phosphorylation and activation of the Raf-MEK-ERK and PI3K-AKT cascades following EGF stimulation. 
Association of Cav-1 expression with clinicopathological features of patients with CRC
The expression of EGFR, Cav-1, and Ki-67 in CRC tissues was analyzed by IHC ( Figure 6 , Table 1 ). In total, tissues from 76 patients with CRC with EGFR expression were evaluated. Of these, 43 samples were Cav-1 + , while 33 were Cav-1 -. Furthermore, the majority of Cav-1 + tumors had a tumor-node-metastasis (TNM) stage of I to II (26/43), compared with only 9 of the 33 Cav-1 -tumors (p=0.004). Moreover, the number of Cav-1 + cases with metastasis (lymph node, p=0.006; distant, p=0.017) was higher than Cav-1 -cases (Table 1) . In contrast, Ki-67 + tumors were associated with TNM stage III-IV (p=0.003) and metastasis (lymph node, p=0.024; distant, p=0.016). Table 2 summarizes the correlation results between Cav-1 and Ki-67 expression levels, and reveals a significant negative correlation (r=0.283; p=0.024).
Discussion
Although Cav-1 has been well established as a tumor suppressor in CRC, the mechanism remains unclear. The most accepted idea is that Cav-1 inhibits key signaling pathways that favor cell proliferation and reduce cell death, such as heterotrimeric G proteins, H-Ras, c-Src, endothelial nitric oxide synthase, AKT, MAPK, and tyrosine kinase receptors [21] [22] [23] [24] [25] [26] . The present study aimed to elucidate the role of Cav-1 in CRC cell proliferation, migration, and invasion in vitro, both under normal conditions and following EGFR phosphorylation. Furthermore, the link between Cav-1 and clinicopathological features of patients with CRC and EGFR expression was also evaluated.
To induce Cav-1 overexpression, we transfected human SW480 cells with wild-type Cav-1 gene, and subsequently evaluated cell proliferation, migration, and invasion using the MTS, scratch, and Transwell assays, respectively. Compared with control cells, the SW480 cells overexpressing Cav-1 exhibited a slower rate of growth, lower migration rate, and decreased invasion capacity. These results indicated that the overexpression of Cav-1 could reduce cell proliferation, migration, and invasion capacities in vitro, which is in line with previous findings. For example, Bender et al. [15] demonstrated a reduction in cell tumorigenicity following Cav-1 re-expression in colon carcinoma cell lines, indicating that the expression of Cav-1 can retard tumor formation in nude mice. Furthermore, an interesting study by Lili et al. [27] provided evidence of decreased motility of cells expressing Cav-1, which exhibited less filopodia or lamellipodia. These findings indicated that Cav-1 not only is a colon cancer suppressor that regulates tumorigenicity, but it also downregulates colon cancer metastasis. Friedrich et al. [28] reported that Cav-1 deficiency promoted colorectal tumorigenesis in mice. Moreover, Erdemli et al. [29] demonstrated lower Cav-1 serum levels in patients with CRC with disease progression than in those without disease progression. They also found a higher mean progression-free survival in patients with higher Cav-1 levels than in those with lower Cav-1 levels.
Our present results also indicated that overexpression of Cav-1 decreased EGFR, ERK, and AKT phosphorylation, which is 
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consistent with previous reports [30] . Furthermore, EGFR activation promoted cell motility and growth, which corroborates earlier findings [31] . Several lines of evidence indicated that EGFR is increased and activated in CRC, and promotes cell proliferation, migration, and metastasis, while mitigating apoptosis and angiogenesis [32, 33] . Similar to Cav-1, EGFR is also an actin-binding protein that undergoes dimerization and autophosphorylation upon EGF binding. The phosphorylation of EGFR activates MAPK/ERK and PI3K/AKT downstream signaling pathways [34] [35] [36] [37] , and promotes tumor growth through cell proliferation and migration.
The Ras/Raf/MEK/ERK pathway is involved in human neoplasia, and is a key player in the regulation of gene expression via growth factor receptors, thus preventing apoptosis [38] . Furthermore, ERK promotes cell proliferation, survival, and metastasis, and is activated by EGFR and Ras small guanosine triphosphatases [39] . Miao et al. [40] demonstrated that ERK1/2 downregulation inhibits CRC invasion partly due to ERK1/2-dependent downregulation of matrix metalloproteinases (MMPs). The PI3K/AKT pathway transduces the activated EGFR signals, leading to cell proliferation, survival, and motility [41] , and plays an important role in cell survival during various stages of colon cancer. Indeed, the increased activity of PI3K/AKT is associated with a more malignant phenotype of differentiated colon carcinoma [42] . Furthermore, activated AKT prevents calcium release from mitochondria, which is essential for apoptosis [38] . The PI3K/AKT pathway is activated following interaction with the Ras protein, indicating cross-talk between Ras/Raf/MAP/MEK/ERK and PI3K/AKT pathways [43] .
Taken together, these findings suggest that the Cav-1-induced inhibition of CRC proliferation and metastasis may occur through the downregulation of Ras/Raf/MEK/ERK and PI3K/ AKT pathways by reducing EGFR phosphorylation. It is also worth noting that Cav-1 mediates the endocytosis of cholesterol-enriched membrane microdomains (CEMMs), which may be associated with the suppression of various signaling pathways and subsequent cell-cycle arrest. Indeed, in the absence of Cav-1, CEMMs cannot be internalized from the plasma membrane, thus resulting in the activation of Rac-, PI3K/AKT-, and ERK-mediated growth signals [44] . Ahmed et al. [45] reported that Cav-1 inhibited tumor growth and suppressed the activation of AKT and ERK pathways, through increasing E-cadherin and b-catenin levels and promoting their localization at the cell membrane.
We also investigated the role of Cav-1 in EGFR + CRC tissues and found that more Cav-1 + cases had a TNM stage I to II than Cav-1 -cases (p=0.004). Moreover, we observed a higher rate of lymph node metastasis (p=0.006) and distant metastasis (p=0.017) in the Cav-1 + cases than in the Cav-1 -cases. In addition, we observed a significantly negative correlation between Cav-1 and Ki-67 immunoreactivity (p=0.024). Garouniatis et al. [46] reported lower levels of Cav-1 in the ascending colon carcinomas than within tumors of the left colon and the rectum; they also reported a higher survival rate in patients expressing Cav-1. In contrast, Fine et al. [17] reported an elevated expression Cav-1 in colon adenocarcinomas. In the present study, we observed a higher expression of Cav-1 in the left-sided colon and rectal cancer tissues than in the right-sided colon cancers; however, the difference was 338 not statistically significant. In line with this, previous reports have indicated that right-sided colon cancers are more aggressive and are associated with poorer clinical outcomes than leftsided colon cancers [47, 48] . These findings may indicate different mechanisms in the right and left colon carcinogenesis.
Several limitations are worth noting in the present study. First, the number of patients with colorectal cancer included in our analysis was relatively small and selected from a single hospital. Second, no follow-up analysis to assess the impact of Cav-1 expression on the patients' outcomes was included. Therefore, the present findings need further validation in multiple-center studies with larger samples and including follow-up analyses. 339
